Abstract. Aspect sensitivities of polar mesosphere summer echoes (PMSE) measured with the ESRAD 50 MHz radar in 1997-2010 are studied using the full correlation analysis technique. Half of PMSE detected each year are found to be highly aspect sensitive. Yearly median values of the aspect sensitivity parameter θ s , characterising the half-width of the scatterers' polar diagram, are 2.9-3.7 • depending on the year. The other half of the PMSE have θ s values larger than 9-11 • and cannot be evaluated using the ESRAD vertical beam only. PMSE aspect sensitivity reveals an altitude dependence, namely, the scatter becomes more isotropic with increasing height. This result is consistent with that reported in other studies. No dependence of PMSE aspect sensitivity on backscattered power for any year was identified. In the paper the limitations of the in-beam and off-vertical beam methods for estimation of PMSE aspect sensitivity are discussed. We conclude that both methods should be combined in order to get complete information about PMSE aspect sensitivity and to estimate correctly PMSE absolute strength.
Introduction
Polar Mesosphere Summer Echoes (PMSE) are extremely strong radar echoes observed from altitudes of 80-95 km at high latitudes in the Northern and Southern Hemispheres during summer. Nowadays, it is known that PMSE occur due to scattering from fluctuations in electron density caused by atmospheric turbulence in the presence of ice particles formed from water vapour due to the low temperatures (∼130 K) at the summer mesopause. Since PMSE are closely related to temperature changes and may follow climate change (e.g. Thomas and Olivero, 2001) , they have attracted considerable interest from the scientific community during the last three decades. A review of PMSE investigations can be found in Rapp and Lübken (2004) .
Despite long and intensive studies of PMSE, their aspect sensitivity is still an intriguing and open question. Aspect sensitivity is a property of the scatterers which describes the variation of scattered power in respect of incident angle. It is quantified in terms of the half width θ s of the angular polar diagram of backscatter (Hocking et al., 1986) . Isotropic scatterers are non-aspect sensitive and have broad polar diagram, and anisotropic, specular ones are highly aspect sensitive, i.e. have a narrow backscatter beam. The early measurements of aspect sensitivity of PMSE by Czechowsky et al. (1988) showed that PMSE are highly aspect sensitive with typical θ s of 5 • -6 • at altitudes of 85-86 km. Further works on this subject reported a variety of values of θ s in this altitude range: e.g. 12 • -13 • (Huaman and Balsley, 1998) , 3.5 • and 7 • -10 • (Zecha et al., 2001) , 11 • -15 • (Swarnalingam et al., 2011) . This implies that PMSE can be specular (or due to anisotropic turbulence) as well as rather isotropic.
Why is aspect sensitivity interesting for PMSE researchers? Firstly, as we shortly discussed above, aspect sensitivity measurements can provide some idea about scattering processes and the scatterers themselves. Swarnalingam et al. (2011) gave a short overview of main models of coherent scatter for VHF radars. Not all radar observations in the middle atmosphere were consistent with the two classical extreme models: turbulent volume isotropic scatter and specular Fresnel reflection. Therefore new models for anisotropic turbulence and Fresnel scatter were suggested (for references see Swarnalingam et al., 2011) .
There is another important effect of PMSE aspect sensitivity which has not received proper attention yet. Knowledge of aspect sensitivity could be essential for correct estimation of absolute strength of PMSE. For instance, highly aspect sensitive echoes might not fill a whole radar sampling volume. Then with the usual assumptions of the volume (isotropic) scatter of 100 % filling, one could underestimate the actual volume reflectivity of PMSE. Another possible application area for the aspect sensitivity measurements is in inter-comparisons of PMSE observed with different radars. These studies, including PMSE interhemispheric and latitudinal differences, became very popular in the last several years (Kirkwood et al., 2007; Latteck et al., 2008; Morris et al., 2009; Swarnalingam et al., 2009b) . However, because the radars involved in these studies have various antennas with different beam-width and PMSE at the radar locations might have different aspect characteristics, corrections should be made in the calculations of PMSE strength. Moreover, isotropic (turbulent) and Fresnel scattering mechanisms lead to very different cross-sections (e.g. Kirkwood et al., 2010) . Therefore in the cases of isotropic and aspectsensitive PMSE, estimation of their cross-sections using observations requires quite different calculations to account for radar characteristics (for a given echo power at the radar receiver, volume reflectivity of isotropic scattering depends on the antenna effective area, whereas Fresnel reflectivity depends on the square of that area). Aspect sensitivities have been obtained from radar measurements by two different methods: (1) by comparing the echo strengths from vertical and off-vertical radar beams or in another terminology, Doppler beam swinging, DBS, (2) by in-beam estimates using spaced antennas (SA). The latter applies coherent radar image (CRI) or the full correlation analysis (FCA) techniques. Hobbs et al. (2001) described both methods and their limitations resulting from the theoretical assumptions and experimental configurations. Chilson et al. (2002) pointed out that in an application to the mesosphere a disadvantage of the DBS method is in the long distance between the radar sampling volumes because large off-zenith angles are used. We will discuss more limitations for both methods later in this paper.
In the majority of PMSE aspect sensitivity studies the DBS method was used (Czechowsky et al., 1988; Hoppe et al., 1990; Huaman and Balsley, 1998; Swarnalingam et al., 2011, and others) . Chilson et al. (2002) applied CRI technique to PMSE and related the angular brightness distribution to aspect sensitivity. Zecha et al. (2001) used both DBS and FCA methods in the same PMSE experiment using the ALOMAR SOUSY VHF radar. They found that the DBS method yields higher values of θ s for the same PMSE layer than the SA method. (This should be borne in mind for the results presented in Sect. 4.) The authors argued that these two methods evaluate aspect sensitivity at different spatial scales and PMSE is strongly anisotropic within a radar beam but more isotropic on larger distances. We suggest another possible interpretation of the discrepancy in the results obtained with DBS and SA methods in the Discussion section. There are also several papers dealing with indirect estimation of aspect sensitivity of the mesospheric summer echoes, e.g. via the relationship between the echo power and its spectral width (e.g. Chen et al., 2004) . However, we will not touch on those results in this paper where we concentrate on quantitative characterisation of aspect sensitivity, i.e. on calculation of θ s .
Here we present the results of PMSE aspect sensitivity measurements over the period 1997-2010 using the ESRAD MST radar located near Kiruna in Northern Sweden. We have used the FCA technique which provides us with inbeam estimates of aspect angle θ s . We discuss a limitation of this technique in application to the ESRAD radar. We analyze the dependence of aspect sensitivity on PMSE height as well as on backscattered power and compare our results with those of others. Finally, we evaluate the effect of PMSE aspect sensitivity on estimation of their volume reflectivity.
Experiment description
PMSE measurements have been carried out with the ESRAD 52 MHz radar, situated at the rocket range Esrange, Sweden (67.88 • N, 21.10 • E) during the years 1997-2010, although observations from 1999 are not considered here due to a radar malfunction. ESRAD provides information on the dynamic state of the lower and middle atmosphere such as winds, waves, turbulence and layering. A detailed description for ESRAD was given by Chilson et al. (1999) and updated by Kirkwood et al. (2007) .
For PMSE measurements ESRAD was operated in different modes with the radar beam pointed vertically. In this paper we consider the data with the highest available altitude resolution of 150 m. The measurements collected in 2002 and 2004 are not included since, during these years, ESRAD was operated in modes providing only 300 m or 600 m altitude resolutions. Initially the e −1 half-width of the radar transmit beam was 3.98 • , then in 2004 the antenna array was extended which made this radar beam width narrower, at 2.65 • . The details of the radar measurement set-up are presented in Table 1 .
ESRAD was operated in 6-receiver mode which allows the implementation of FCA analysis. The FCA technique was developed by Briggs (1985) . The principle behind this technique is the following: the scatterers lead to a diffraction pattern on the ground, which moves across the antenna array, as the scatterers drift horizontally. By using several (at least three) non-colinear antenna sub-arrays for reception and calculating cross-correlations between them, under certain assumptions one can derive spatial parameters of the diffraction pattern. Finally, from them the aspect sensitivity is estimated. We consider the calculation of aspect sensitivity in more detail in the next section.
Calculation of aspect sensitivity
A radar transmits radiation in a certain beam pattern, which can be expressed by a polar diagram. When radiation reaches scatterers they reradiate back with a polar diagram of backscatter defined by their aspect sensitivity. This backscatter is received by the radar in accordance of its receive beam which can differ from the transmit one (as it does for the FCA technique). The backscatter pattern that we receive back at the radar can be described by an effective polar diagram. We follow Hocking et al. (1986) and approximate every polar diagram by the expression
where θ is the zenith angle and θ 0 is e −1 half-width of the polar diagram. Then the effective polar diagram is the product of polar diagrams of transmit and receive beams and that of the scatterers, i.e.
where θ eff is the e −1 half-width of the effective polar diagram, θ T is the e −1 half-width of the radar transmit beam, θ R is the e −1 half-width of the radar received beam, θ s is the e −1 half-width of the scatter polar diagram of the scatterers. θ s is a measure of aspect sensitivity, or in the same terminology as e.g. in Swarnalingam et al. (2011) is the aspect sensitivity parameter. We made use of FCA results for the calculation of θ eff as described by e.g. Holdsworth (1995) :
where λ is the radar wavelength, R ax and S 0.5 are the axis ratio and scale of the diffraction pattern, respectively, estimated by the FCA technique. Finally, for given θ T and θ R the aspect sensitivity parameter θ s can be found from the equation:
Finite transmit and receive radar beam widths set limits for in-beam measurements of aspect sensitivity. If, for instance, a radar beam is narrow, one cannot distinguish between two types of scatterers whose backscatter beam widths (i.e. aspect sensitivity) are larger than that of the radar. In order to study this in application to ESRAD we computed θ eff using Eq. (4) for various values of aspect sensitivity for the actual ESRAD transmitted beam width. 6 rectangular antenna subarrays were used for reception (each 6 × 8 Yagi antennas, 4 × 6 before 2004), with mean beam width θ R of 6 • (9 • before 2004) as described in more detail by Kirkwood et al. (2010) . In Fig. 1 Figure 1 gives us maximum values of θ eff which can be used for accurate derivation of aspect sensitivity from the ESRAD data corresponding to maximum θ s of about 11 • (9 • after 2004) which we are able to detect using the ESRAD vertical beam. 
Results

Aspect sensitivity of PMSE
Firstly, we computed θ eff using FCA analysed data for the altitude range 80-90 km for the interval from 1 June to 31 July for each year. FCA is applied only for echoes with signalto-noise ratio more than 1. Then by applying the limits discussed in the previous section we selected θ eff < 3.4 • (2.3 • after 2004) for further calculations of the aspect sensitivity parameter. Figure 2 shows one typical example of PMSE aspect sensitivity measurements during one day together with the radar backscattered power. It is evident from the figure that radar echoes are highly aspect sensitive (with θ s less than 2.2 • ) at the edges of PMSE layers, especially at the lower edges, and they are less aspect sensitive in the middle of the layers. The same features were observed during other days.
In order to study the variability of aspect sensitivity of PMSE from year to year we calculated distributions of aspect sensitivity parameter for each year. We used 1-min averaged data from all heights in the range 80-90 km, for June and July. The results are shown in Fig. 3 . The number of data points used for calculation of these distributions varies from year to year mainly because of changes in time allocation for the different radar observation modes while for the analysis we used the data only from the mode with a 150 m altitude resolution. The distributions are very similar, non-Gaussian in shape and have peak value at about 2.5 • and half maximum full width of 2 • -3 • . The median values of θ s are in the range of 2.9 • -3.7 • . This implies that PMSE are rather aspect sensitive. We calculated also the percentage of such echoes (θ eff < 3.4 • or 2.3 • after 2004) in the whole data set for each year. The results show that 50 %-52 % of data are represented by the distributions in Fig. 3, i. e. half of all PMSE observed with ESRAD are highly aspect sensitive. The other half of PMSE have aspect sensitivity parameter larger than 11 • (9 • after 2004), i.e. scatter is more isotropic. However, we cannot calculate their exact values from the ESRAD data using the in-beam method as discussed in Sect. 3.
Dependence of PMSE aspect sensitivity on altitude
To check the dependence of PMSE aspect sensitivity on altitude, we computed the distribution of aspect sensitivity parameter θ s for each 150-m altitude range for every year. In Fig. 4 the results for 1998 for the initial antenna array configuration and for 2010 for the extended antenna array are presented. There each row represents an aspect sensitivity distribution function at certain height, with values (fraction of the data or occurrence frequency) depicted by colours. The pictures for these two years do not show big differences. We have verified the behaviour of the PMSE aspect sensitivity with height for the other years and found that it is similar to that for 1998 and 2010. The θ s altitude-frequency plot averaged over all of the 11 years is presented in Fig. 5 . With increasing altitude the distribution becomes broader and the peak of the distribution moves to higher values of θ s . Our calculations show that PMSE median aspect angle for seasons 1997-2010 at 87-88 km altitude is 1-2 • larger than that at 81-82 km. Thus we can conclude that PMSE are more isotropic at the higher altitudes.
Dependence of PMSE aspect sensitivity on power
We have investigated the dependence of PMSE aspect sensitivity on backscattered power for each PMSE season. We computed distributions of the aspect sensitivity parameter θ s as a function of the logarithm of the echo power for each 0.2 step. The results for 1998 and 2010 are presented in Fig. 6 . Similar to Fig. 4 , each row here represents an aspect sensitivity distribution function at certain value of PMSE backscattered power. Again we see that distributions for 1998 and 2010 are very similar and do not show obvious dependence of the PMSE aspect sensitivity on echo strength (for the high power there is an apparent decrease of aspect sensitivity, however this result is based on poor statistics -see the right panel). Figure 7 shows the distributions averaged over all of the 11 years, which reveals that PMSE aspect sensitivity is independent of echo backscattered power.
Discussion
As mentioned in the introduction the aspect sensitivity of PMSE has been measured using two methods: in-beam as in this paper and with tilted beams. Both methods suffer from limitations, some of them were considered by e.g. Hobbs et Fig. 3 . The distributions of aspect sensitivity parameter for different years. N is the total number of data points, MAS is the median aspect sensitivity parameter in degrees. Fig. 4 . The first and third panels: distribution of aspect sensitivity parameter for each 150-m altitude interval for 1998 and 2010, respectively. Each row is normalized so that the sum of all data bins in it is 1. The second and fourth panels: number N of data points contributing to each altitude interval for 1998 and 2010, respectively. al. (2001) and Chilson et al. (2002) . Here we discuss limitations related to a finite radar beam-width only. In Sect. 3 we obtained the largest aspect angles θ s which are measurable with ESRAD using FCA. They are 9-11 • and determined by the two-way radar beam width. Thus using the ESRAD vertical beam we cannot measure the aspect sensitivity of more isotropic (turbulent) echoes. In contrast, for measurements using tilted beams the off-zenith angle should be at least one full radar beam-width (two-way) or larger in order that the sampling volumes for the vertical and tilted beams do not overlap each other. Hence the titled beam method is not suitable for quasi-specular echoes whose angular polar diagram width is less than the radar beam width (two-way) or the beam off-zenith angle. This implies that using one Swarnalingam et al. (2011) found PMSE aspect angles of 8-13 • using titled beams at 10.9 • from zenith. The only result deviating from these values is an estimate that θ s ranged from 2-10 • reported by Czechowsky et al. (1988) . A possible explanation is that they used beams tilted only 4 • and 5.6 • off-vertical and the radar had a very narrow full beam-width of 3 • (one-way). Thus we can conclude that the in-beam method allows detections of small aspect angles (just a few degrees) and correspondingly highly aspect sensitive echoes, whereas the method using offvertical radar beams, detects less aspect sensitive echoes.
On the basis of 11 years of observations we found that PMSE are more isotropic, less aspect sensitive at higher altitudes. A similar height dependence of PMSE aspect sensitivity has been reported in other studies (Czechowsky et al., 1988; Zecha et al., 2001; Chilson et al., 2002) . Long-term aspect sensitivity measurements of PMSE at Resolute Bay by Swarnalingam et al. (2011) revealed that, for strong and moderate PMSE, the median aspect angles at 84 km are by 2-4 • smaller than those at 88 km. Our results show slightly less difference of 1-2 • between aspect angles at 82 km and 87 km. This morphology is supported by the results of rocket measurements of turbulence by Lübken et al. (2002) . These show that turbulence occurrence rates start to grow from 80 km and maximise at about 88 km (Rapp and by Lübken, 2003) . Chilson et al. (2002) and Zecha et al. (2001) noticed the enhanced aspect sensitivity at the lower edges of PMSE sublayers. Similar features are seen in our Fig. 2 . We do not address this topic here because it requires additional investigation whose results will be reported elsewhere.
Already the first measurements of PMSE aspect sensitivity by Czechowsky et al. (1988) showed its relation to echo power. The authors, based on two-day data, reported that the peaks in backscattered power profile correspond to minima in aspect angle profile. Similarly, Chilson et al. (2002) found for one-day data that PMSE regions with enhanced aspect sensitivity (small aspect angles) have high signal-to-noise ratio. However, Swarnalingam et al. (2011) analysed data for 11 years and did not find obvious correlation between PMSE aspect sensitivity and echo volume reflectivity. This result is in agreement with our findings. Swarnalingam et al. mentioned a possible tendency that strong PMSE have low aspect angles. Similar features can be seen in our Figs. 6 and 7. However, this apparent impression is based on poor statistics available for the strongest PMSE in our paper as well as in Swarnalingam et al. (2011) .
We also found that the distribution of aspect sensitivity values, the median values for June-July and the dependences of value on altitude and power remain consistent over 11 years for the highly aspect sensitive PMSE over Esrange. Swarnalingam et al. (2011) reported for aspect sensitivity (with values in the range of 8-13 • derived using the DBS method) of PMSE over Resolute Bay that the long-term height dependences for moderate and strong echoes showed consistency during 1998-2009 as well.
Could the results we have obtained on aspect sensitivity of PMSE tell us about scattering mechanism and scatterers? In some studies (e.g. Hoppe et al., 1990; Blix et al., 1999) there were attempts to relate echo power, spectral width and aspect sensitivity in order to identify turbulent scattering or specular reflection. We did not analyse PMSE spectral widths in this paper, so we have to restrict ourselves to aspect sensitivity only. It is commonly accepted that PMSE are related to neutral turbulence (e.g. Rapp and Lübken, 2004) . Intensive modelling studies of turbulence generated at mesopause altitudes showed anisotropy of the turbulence fields and radar backscatter (Gibson-Wilde et al., 2000; Fritts et al., 2003 Fritts et al., , 2009 Fritts et al., , 2011 . However, to our knowledge there is no quantitative estimation of aspect sensitivity for such turbulence so far (perhaps with the exception of Hocking and Hamza (1997) who analytically considered anisotropic turbulence due to wind-shear only). Anyway, small values of half-width of the scatterers' polar diagram (about 3 • ) obtained in this study allow us to exclude isotropic turbulent scatter at least for 50 % of PMSE detected with ESRAD. However, additional measurements and perhaps, numerical simulations are needed to make any decisive conclusion whether the observed PMSE aspect sensitivities are due to anisotropic turbulent or Fresnel scatter. Fig. 6 . The first and third panels: distribution of PMSE aspect sensitivity parameter for 1998 and 2010, respectively. Each row is normalized so that the sum of all data bins in it is 1. The second and fourth panels: number N of data points contributing to each row for 1998 and 2010, respectively.
Fig. 7.
Left panel: distribution of PMSE aspect sensitivity parameter for each interval of echo power averaged over all 11 years. Each row is normalized so that the sum of all data bins in it is 1. Right panel: number N of data points contributing to each row.
We found that half of all PMSE detected by ESRAD have high aspect sensitivity. If PMSE are strongly aspect sensitive this can affect estimation of their absolute strength expressed in terms of volume reflectivity η. In the calculation of η it is assumed that scatter is isotropic and fills the entire radar sampling volume. However, if the scatterers' polar diagram is narrower than that of the two-way radar beam then one underestimates their volume reflectivity. We evaluate this effect for ESRAD using our results on PMSE aspect sensitivity.
Volume reflectivity η is defined as a total power scattered isotropically by unit scatterers' volume, per unit transmit power, per unit solid angle. Consequently, for a given measured echo power, for narrow and moderate beam radars η is inversely proportional to the effective radar volume V 0 , which is approximated as follows (Hocking, 1985) V 0 ≈ π (hθ TR ) 2 h, where θ TR is the e −1 half-width of the two-way radar polar diagram, h is altitude, h is altitude resolution. For aspect sensitive scatter the effective radar volume is determined by θ eff . We have calculated θ TR to be 3.6 • before the ESRAD antenna extension in 2004, and 2.4 • afterward, and median values of θ s , averaged over the first and the second intervals are 3.2 • and 3.1 • , respectively. By using Eq. (4) we came to the values of θ eff of 2.4 • and 1.9 • before and after 2004, respectively. Finally, we found that we underestimated volume reflectivity of at least half of PMSE (those which are aspect sensitive) detected with ESRAD by factor of 1.6-2.3 (by 2-3.5 dB). For comparison, Swarnalingam et al. (2009a) reported 0.3 dB possible effect due to high aspect sensitivity (5 • ) evaluated for the Resolute Bay VHF radar with 1.4 • two-way radar beam width.
Summary
We used ESRAD PMSE data for 1997-2010 for calculation of in-beam PMSE aspect sensitivities for 11 years using the FCA technique. We found that 50-52 % of data can be identified as highly aspect sensitive echoes. The rest of PMSE have aspect sensitivity parameters θ s , characterising the halfwidth of the scatterers' polar diagram, larger than 9-11 • and their values cannot be quantified using the ESRAD vertical beam measurements only. We calculated the distribution of PMSE over aspect sensitivity parameter θ s for each year and found that they remain consistent from year to year. The median values of θ s are in 2.9-3.7 • range. It was found that when calculating volume reflectivity for such aspect sensitive PMSE, one can underestimate it by more than 3 dB.
We found also that θ s slightly increases with altitude (by 1-2 • from 82 km to 87 km). This altitude dependence of θ s does not change from year to year. No dependence of PMSE aspect sensitivity on backscattered power for any year was identified.
We analysed the limitations of the in-beam and off-zenith beam methods related to the finite radar beam width. Our conclusion is that the former is suitable for highly aspect sensitive echoes while the latter is needed for more isotropic scatterers. Both techniques should be combined in order to get full information about PMSE aspect sensitivity.
